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The nitrogen-vacancy center in diamond has been broadly applied in quantum sensing since it is
sensitive to different physical quantities. Meanwhile, it is difficult to isolate disturbances from un-
wanted physical quantities in practical applications. Here, we present a robust fiber-based quantum
thermometer which can significantly isolate the magnetic field noise and microwave power shift.
With a frequency modulation scheme, we realize the temperature measurement by detecting the
variation of the sharp-dip in the zero-field optically detected magnetic resonance spectrum in a high-
density nitrogen-vacancy ensemble. Thanks to its simplicity and compatibility in implementation
and robustness in the isolation of magnetic and microwave noise, this quantum thermometer is then
applied to the surface temperature imaging of an electronic chip with a sensitivity of 18 mK/
√
Hz.
It paves the way to high sensitive temperature measurement in ambiguous environments.
I. INTRODUCTION
The development of a broad range of applications in
quantum technologies [1, 2], from quantum networks
[3, 4] to information processing and quantum sensing [5],
has attracted increasing interests over the past decades.
Among them, quantum sensing has been regarded as
a new possibility for harnessing the quantum technolo-
gies in the real world [5]. In particular, quantum sen-
sor based on nitrogen vacancy (NV) center in diamond
is one of the most promising and studied systems for
their remarkable optical and spin properties [6]. And
due to the coupling between NV centers with external
perturbations, the sensing functionalities of NV defects
are then extended to magnetic field [7–10], electric field
[11, 12], pressure [13–15] and temperature [16–18] detec-
tion, which are usually based on optically detected mag-
netic resonance (ODMR) with microwave (MW) driving.
Among them of particular interests are the innovative
approaches to temperature sensing. A stable and com-
pact thermometer can provide a powerful tool in many
areas of physical, chemical, and biological researches [17].
For instance, the recently developed fiber-optic probes
coupled with NV centers [19–23] enabled a compact tem-
perature measurement with a 20 mK accuracy [20]. How-
ever, many of existing methods have the requirement of
a bias magnetic field aligning along the NV axis, which
make the device complicated and hard for practical mea-
surement. Moreover, magnetic noise cannot be easily de-
coupled. Some promising approaches have been studied
to overcome this problem, involving, e.g., the techniques
with complicated pulse controls [17, 24, 25] and simulta-
neous tracking of two resonance shifts [26]. More severely,
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when a sample contains metal material, the change of the
MW power induced by the interaction with the metal ma-
terial during the temperature scanning has never been
considered in previous work [20, 26], which highly limits
its practical application in ambiguous environments.
Usually, high-density NV ensemble are applied in or-
der to get high sensitivity. In such a sample, a sharp-
dip structure around 2.87 GHz of the zero-field ODMR
spectrum [27–29] was recently observed, which can of-
fer a high sensitive temperature sensing. Inspired by
Ref. [29], in this Article, we measured this sharp-dip
and presented a fiber-based quantum thermometer for
practical applications. Our approach only relied on con-
tinuous optical excitation and frequency-modulated MW
with the center frequency fixed at the sharp-dip, and sub-
sequently recorded the variation of the sharp-dip through
a single lock-in measurement over time. Such a method
can decouple the temperature from magnetic field noise
and MW power shift during the probing and scanning.
Finally, this fiber-based quantum thermometer was suc-
cessfully applied to the surface temperature imaging of
an electronic chip with a temperature sensitivity of 18
mK/
√
Hz. This demonstration of robustness against
magnetic noise and MW power shift, as well as single
lock-in measurement without applying additional mag-
netic field, makes a significant advance in transiting lab-
based systems to practical applications.
II. EXPERIMENTAL RESULTS
A. Experimental setup and conditions for the best
sensitivity at room-temperature
Usually, conventional confocal scanning system em-
ployed in a sensing scheme poses complications in terms
of collective control, signal readout and even the stabil-
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FIG. 1. (a) The schematic of hybrid fiber-optical thermometer setup. DM, long-pass dichroic mirror with the edge wavelength
of 658.8 nm; Ref, the output reference signal from MW generator. (b) Simplified schematic of the sensor. (c) An electronic
chip used for temperature imaging via the fiber-based quantum thermometer.
ity, leading to the lab-based demonstrations. For practi-
cal applications, here, these issues can be addressed by
using a homebuilt fiber system to excite and detect the
NV centers, as shown in Fig. 1(a). The NV center en-
sembles consisted of [N ] ≈ 40 ppm and [NV −] ≈ 0.15
ppm in diamond with [100] surface orientation grown by
plasma assisted chemical vapor deposition. The diamond
attached on the tip of a multi-mode optical fiber with a
core diameter of 100 µm has been mechanically polished
and cut into a membrane with dimensions 200×200×100
µm3, as shown in Fig. 1(b) [23]. In the experiment, green
laser at 532 nm was sent through an acousto-optical mod-
ulator (AOM, AA optoelectronic MT250-A0.5-VIS) and
then coupled into the multi-mode optical fiber. Collected
by the same fiber, the photoluminescence (PL) passed
through a 647 nm long pass filter and was finally sent to
a photodetector (Thorlabs APD130A2/M). The detected
signal was noise filtered and amplified using a lock-in am-
plifier (LIA, Sine Scientific Instruments OE1022) through
either amplitude modulation (AM) or frequency modu-
lation (FM) of MW. The output radio frequency signal
of MW generator (Rohde & Schwarz SMB 100A) was
sent to LIA as a reference. Moreover, the output MW
was sent through a switch (M-C ZASWA-2-50DR+) to
a high-power amplifier (M-C ZHL-16W-43), and finally
delivered by a five-turn copper loop with an outer diam-
eter of 0.5 mm wound around the optical fiber ceramic
plug core.
We first studied the amount of red fluorescence from
the NV centers as a function of green laser power by pro-
cessing the AOM with square wave modulation at 333 Hz
(lock-in time constant τ = 30 ms), as shown with solid
blue dots in Fig. 2(a) together with a linear fit. Far from
saturation, fluorescence increases linearly with the laser
power. Generally, due to the negligible absorption cross
section of single NV centers and inherent power broaden-
ing [30], reaching a saturated regime becomes more diffi-
cult with increasing the ensemble volume and density. In
the contrary, the ZFS extracted from the ODMR spec-
trum decreased as laser power increased, consistent with
experimental observations in earlier studies [20, 23, 31],
as shown with solid black dots in Fig. 2(a). Normally,
diamond thermometers with higher power pump are ex-
pected to offer better sensitivity. However, for the fiber-
based thermometer, the laser-heating effect resulted from
high power pump can significantly affect the detection
accuracy of temperature. Thus it is necessary to set the
laser power below 10 mW. In this case, the temperature
of the diamond can be kept at room temperature, and
the local temperature variation can be transferred to the
diamond [23] and detected with NV centers.
The fiber-based diamond thermometer is based on the
technique of ODMR. The NV center consists of a sub-
stitutional nitrogen atom combining with a vacancy in
a neighboring lattice site of the diamond crystal. In
the absence of external magnetic field, its spin triplet
ground state is degenerated by spin-spin interaction into
a singlet state ms = 0 and a doublet ms = ±1, separated
by the temperature-dependent ZFS parameter Dgs with
∂Dgs
∂T ≈ 74 Hz/mK [16, 32, 33]. The doublet ms = ±1
will split due to the static magnetic field along the NV
axis. However, for high-density NV ensemble, a quali-
tatively distinct spectrum can be observed, consisting of
a pair of resonances centered at Dgs, mainly due to the
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FIG. 2. (a) The amount of red fluorescence and ZFS param-
eter shift (∆D) as a function of green laser power. Far from
saturation, fluorescence increases linearly with laser power
plotted as blue line. Due to the laser-heating effect, ZFS
parameter decreases linearly plotted as black line. (b) The
CW-ODMR spectra recorded with a single MW source by
FM and AM without applying a bias magnetic field. (i) The
AM spectrum exhibits a sharp-dip structure which cannot be
reproduced by either a double Lorentzian (green) or a Gaus-
sian (pink) profile. (ii) The FM spectrum exhibits three typ-
ical frequencies of f0, f±1 corresponding to the FM lock-in
signal crossing zero and thus providing the largest tempera-
ture response.
local strain from internal defect of crystal [27–29, 34], via
the Hamiltonian of ground state:
H =(Dgs(T ) + Πz)S
2
z + (δBz +AzzIz)Sz
−Πx(S2x − S2y) + Πy(SxSy + SySx)
+ Ω cos(2pift)Sx. (1)
Here, zˆ is the NV axis. xˆ is defined such that one of
the carbon-vacancy bonds lies in the x − z plane. ~S
and ~I are the electronic spin-1 operators of NV and nu-
clear spin-1 operators of the host 14N. δBz represents
the axial magnetic field and Azz = 2.16 MHz. The terms
Π{x,y} characterize the coupling between NV and strain-
electric field [35]. Ω and f are the MW amplitude and
frequency, respectively. Moreover, the continuous-wave
(CW) ODMR spectra of NV ensembles can be simulated
using the steady-state solution of a five-level Bloch equa-
tion [30, 36], where the expression can be defined as a
sum of Lorentzian distributions:
SCW (f) =1−
N∑
i=1
1∑
mI=−1
{ Ciγ2i
(f − f−,i −mIAzz)2 + γ2i
+
Ciγ2i
(f − f+,i −mIAzz)2 + γ2i
}
, (2)
with f±,i = Dgs(T ) + Πz,i ±
√
Π2x,i + Π
2
y,i + δB
2
z,i. Here
the contrast C as well as the half width at half maximum
γ are both Ω-dependent.
In more recent studies, lock-in techniques were feasibly
used to continuously monitor the ODMR spectrum. In
this case, small resonance frequency shifts were detected
by applying pre-calibrated scale factor [37] determined
by the optical pump power, MW power and even the
detection efficiency [31]. By sweeping the frequency of
MW with a time-independent amplitude or frequency,
both AM and FM are currently used to ODMR detection
[26, 30, 36–40].
Here, by applying a sinusoidal-wave AM of MW with a
333 Hz modulation rate and a 100% modulation depth in
the absence of bias magnetic field, we obtained an ODMR
spectrum as plotted in Fig. 2(b)(i). The line shape of
each resonance cannot be captured by either a Gaus-
sian or Lorentzian profile, leading a sharp-dip structure
around 2.87 GHz. However, the model of the randomized
magnetic field δBz and electric-strain field Πx,y,z in Eq.
(1) has succeeded in fitting the ODMR spectra [27–29].
Despite one can determine the temperature by fitting the
ODMR curves to obtain the transition frequencies, the
actual temperature measurement is usually carried out
by fixing the MW frequency and recording the variation
of LIA signal in time.
In order to monitor the LIA signal response to the envi-
ronmental fluctuation, we employed the FM of MW and
then amplified the resulting ac signal using LIA. The ap-
plied MW frequency varied as F (t) ≈ fc+fdcos(2pifmodt)
where fc, fd, and fmod are center frequency, deviation
and modulation frequency, respectively. By sweeping
the MW center frequency, the FM ODMR spectrum ex-
tracted from Eq. (2) can be defined as:
U(fc) =
∫ 1/fmod
0
ASCW (F (t)) cos(2pifmodt) dt, (3)
where A is proportional to the lock-in amplifier gain fac-
tor. The FM ODMR spectrum from the experiment is
shown in Fig. 2(b)(ii), which is almost proportional to
the derivative of the AM signal in Fig. 2(b)(i). Thus
the signals with frequencies of f−1, f0, and f+1 crossing
zero in Fig. 2(b)(ii) correspond to the extreme points
of AM ODMR spectrum in Fig. 2(b)(i). In particular,
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FIG. 3. (a-b) The maximum slope of FM ODMR spectrum as a function of MW power and modulation deviation with the
center frequency fixed at f0 and f+1, respectively. (c-d) Simulation result with Eq. (2) and Eq. (3) compared with experimental
results (a-b). Simulation parameters are T1 = 7.1 ms, T
∗
2 = 0.32 µs, T2 = 15.4 µs. The optical readout pump rate is Γp = 3
MHz. (e) Cross sections of the pink dashed lines in (a) and (c). The sensitivity variation less than 10% in the shaded area
suggests the dynamic range of MW power shift. (f) Simulation of the maximum slope of ODMR spectra with f0 as a function of
the vector geomagnetic field. Here, the extracted maximum slopes are normalized, and the simulation parameters are identical
with (c-d).
f0 ≈ Dgs(T ) + Πz,eff , where Πz,eff is the effective ax-
ial strain which causes the shift of the overall spectrum.
Such three frequencies also provide the largest tempera-
ture response.
The temperature sensitivity using ODMR spectrum is
limited by the inverse of the maximum MW-dependent
rate of fluorescence change, which is given by [29]:
∂Tmin ∼ 1(
∂Dgs
∂T
)−1∣∣∣∂U∂f ∣∣∣
max
, (4)
where U is the ODMR voltage from the NV centers. Ob-
viously, the temperature sensitivity is directly propor-
tional to [|∂U/∂f |max]−1 which can be determined by op-
timizing the MW power PMW and modulation deviation
fd. With the center frequency fixed at f0 and f+1, we
extracted the maximum slope |∂U/∂f |max of the ODMR
spectra as a function of MW power PMW and modu-
lation deviation as shown in Fig. 3(a-b). It shows ex-
cellent agreement with the simulations via Eq. (2) and
Eq. (3) in Fig. 3(c-d). The black dotted boxes in Fig.
2(a) and Fig. 2(b) indicate the conditions, consisting of
the MW power range from 22 − 27 dbm and the mod-
ulation deviation range from 1.6 − 2 MHz, offering the
best temperature sensitivity. Fig. 3(e) depicts the cross
sections of the pink dashed lines in Fig. 3(a) and Fig.
3(c), and the gray area demonstrates a 8 dbm dynamic
range for MW power shift, where the temperature sen-
sitivity varies less than 10%. Generally, the existence of
the Earth’s magnetic field (about 0.05 mT) always effects
the ODMR spectrum even in the absence of additional
magnetic field. By numerical simulation with optimized
fd = 1.6 MHz, PMW = 26 dbm, and identical param-
eters in Fig. 3(c-d), we extracted the maximum slope
of ODMR spectrum as a function of vector geomagnetic
field shown in Fig. 3(f), where θ and φ are the polar
and azimuth angles with respect to [100] and [010] crys-
tal orientation of the diamond, respectively. Critically,
the slope variation is not more than 2%, indicating that
the effect of the Earth’s magnetic field is negligibly small.
Thus the sensitivity remains constant.
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FIG. 4. Isolation of magnetic field noise and MW power shift by FM scheme with the center frequency fixed at f0. (a) Simplified
schematic of the experimental setup. An aluminum cylinder wrapped by heater is close to the sensor without touching, and the
distance between them can be adjusted. A Helmholtz coils provides additional test magnetic field. (b) LIA signal with a 5.2
µT bias magnetic field oscillating at 1 Hz via a Helmholtz coils. (c) LIA signal response as a function of the distance from the
sensor to the aluminum cylinder. (d) LIA signal with temperature at three processes including heating, waiting and cooling.
A jump occurred at 17 min (inset) mainly due to the disappearance of static magnetic field when the heater was powered off.
B. Isolation of magnetic field noise and MW power
shift
In the sensing processes, due to coupling with magnetic
field, MW and temperature, the LIA signal variation S
has an approximately linear spectral dependence, which
can be expressed as
S ∼
N∑
i=1
∂Ui
∂Bi
∣∣∣
f
∆Bi +
∂Ui
∂Pi
∣∣∣
f
∆Pi +
∂Ui
∂T
∣∣∣
f
∆T
, (5)
where Ui is the ODMR voltage from each single NV cen-
ter, ∆ denotes the change in the parameters, Bi and Pi
represent the static magnetic field and MW field pro-
jected onto each NV center. Therefore, the NV center
spin resonance frequencies are sensitive to the magnetic
field, in which case magnetic field variations can no longer
be neglected. To experimentally demonstrate the isola-
tion of magnetic field noise with single lock-in measure-
ment, we finely set the MW center frequency until the
LIA signal was zero with an optimized fd and PMW, and
then applied a 5.2 µT test field oscillating at 1 Hz via
a Helmholtz coils, as shown in Fig. 4(a). The LIA re-
sponses over time with the center frequencies fixed at f0
and f±1 were recorded (fmod = 3.3 KHz, τ = 30 ms),
as shown in Fig. 4(b). The LIA signal with the center
frequency of f±1 oscillated out-phase at 1 Hz but the sig-
nal with f0 remained unchanged, demonstrating that the
thermometer with the center frequency of f0 was unaf-
fected by magnetic noise. Thus, for weak magnetic noise,
the term ∂Ui∂B
∣∣∣
f0
∆Bi = 0 in Eq. (5) can be neglected.
On the other hand, the test object, such as metal and
other dielectric, near the sensor will affect the MW radia-
tion and further the contrast of ODMR spectrum, which
make these previous multi-resonance schemes [26, 40–42]
ineffective. In this case, to simulate MW power shift
during the temperature probing, we used an aluminum
cylinder as a test object as shown in Fig. 4(a). Firstly,
we moved the sensor away from the aluminum (distance
between each other was 8 mm) and then finely set the
MW center frequency until the LIA signal was zero. By
contrast, Fig. 4(c) shows the experimental LIA signal
response as a function of the sensor position with the
center frequencies fixed at f0 and f± , together with ex-
ponential fit plotted by solid lines. Based on the ODMR
spectra as shown in the inset of Fig. 4(c), the distance
from A to B accompanied the reduction of MW power felt
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FIG. 5. Temperature scanning of an electronic chip (dashed box). (a-b) Recording the LIA signal with center frequencies fixed
at f−1 when the chip was powered off and on respectively. (c) Cross sections of the pink dashed lines in (a-b). (d-e) Recording
the LIA signal with center frequencies fixed at f0 when the chip was powered off and on respectively. (f) Cross sections of the
pink dashed lines in (d-e). (g-h) Recording the LIA signal with center frequencies fixed at f+1 when the chip was powered off
and on respectively. (i) Cross sections of the pink dashed lines in (g-h).
by the sensor approximately from 27 to 19 dbm. Criti-
cally, the LIA signal with center frequency of f±1 changed
out-phase while the signal of f0 did not change. Indeed,
MW power shift, such as the case at point B, will change
the sensitivity shown in Fig. 3(a-b), and further affect
the accuracy of temperature measurement. However, our
scheme has a tolerance for MW power shift, as shown in
Fig. 4(c). Thus for small MW power shift, the term
∂Ui
∂P
∣∣∣
f0
∆Pi can also be neglected. Similarly, the Eq. (5)
can be simplified as
S ∼
4∑
i=1
∂Ui
∂T
∣∣∣
f0
∆T
. (6)
To this end, the magnetic field noise and MW power
shift can be significantly isolated via fixing the center fre-
quency at f0. We next performed the temperature mea-
surement and confirmed its robustness. The same alu-
minum cylinder was heated by a resistive heater (Thor-
labs, HT10K) and its temperature was detected by the
fiber-based quantum thermometer, as shown in Fig. 4(a).
Firstly, we moved the thermometer close to the aluminum
without touching, and then finely set the MW center fre-
quency until the LIA signal was zero. By contrast, the
LIA signals were recorded at three processes including
heating (0 − 2 min), waiting (2 − 17 min) and cooling
(17− 29 min), as shown in Fig. 4(d). With heating, the
temperature of the aluminum increased from room tem-
perature of 24.5◦C to 35.6◦C, and cooled down to room
temperature after a thermostatic process. In particular,
7LIA signal of f0 (green line) changes out-phase compared
with that of f±1 (red and blue lines) as expected. More-
over, an opposite shift occurred between the LIA signal
of f−1 (red plot) and f+1 (blue plot) when the heater
was powered on, but disappeared after the heater was
powered off, indicating that a weak static magnetic field
was generated during the heating and waiting process, as
shown in the inset of Fig. 4(d). However, averaging such
two LIA signals of f+1 and f−1 can not only give almost
the same amplitude as LIA signal of f0, but also cancel
the effect of magnetic field noise and MW power shift.
This agrees with the result of previous multi-frequency
modulation [26]. By comparison, our scheme can mea-
sure the temperature by just a single-frequency modula-
tion with the same sensitivity, as well as a wide dynamic
range.
C. Surface temperature imaging of an electronic
chip
Recently, temperature imaging has been an important
research method. In particular, temperature imaging of
electronic chips attracts much attention in the field of
electronic engineering. Chip temperature imaging can
not only reflect the working state, but also the energy-
consumption of the chip. However, the temperature mea-
surement module in the chip, which offers a low accuracy
of around 200 mK, can only provide its temperature for
average, rather than the distribution. Here, our fiber-
based quantum thermometer was successfully applied to
image the surface temperature of a chip, thereby proving
the practicability and robustness of our method.
As shown in Fig. 1(c), we fixed an electronic chip (Ra-
spherry Pi Zero W) on the translation stage. Similarly,
we first moved the sensor away from the chip, then finely
set the MW center frequency until the output LIA sig-
nal was zero, and finally moved the sensor close to the
chip without touching. In this case, LIA can completely
record the surface temperature, magnetic field as well as
the metal-induced MW power shift. By scanning, the
LIA signal images with the center frequency of f−1 with
the chip power off and on are shown in Fig. 5(a-b). Both
images exhibited almost the same features even the chip
was powered off, indicating that the effect of MW power
shift was dominant during the scanning. Moreover, the
cross sections depicted in Fig. 5(c) demonstrated an over-
all shift ∆U between such two images, which was resulted
from the magnetic field change ∆B and temperature vari-
ation ∆T. Subsequently, we fixed the center frequency at
f0 and performed the scanning again. Such a process has
suppressed the MW power shift as well as magnetic field
noise, leading to an uniform feature in Fig. 5(d) when
the chip was powered off. Hence, we can reconstruct the
surface temperature distribution directly from Fig. 5(e)
when the chip was powered on. The cross sections de-
picted in Fig. 5(f) suggested that the chip exhibited a
maximum temperature of 26.5◦C when power was on and
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FIG. 6. Plots of the magnetic noise spectral densities with the
center frequencies fixed at f+1 (light blue) and f0 (red), as
well as a reference spectrum obtained with both of MW and
laser turned off (gray). Each plot was obtained by recording
the time traces of the lock-in output with the length of 10 s,
then dividing such 10 s data set into ten 1 s segments, and
finally averaging the absolute value of the Fourier transform
of each segment. All the recordings were at conditions of the
best sensitivity as mentioned in Fig. 2.
an uniform temperature of 24.5◦C when power was off.
In addition, compared with Fig. 5(a-c), the LIA signal
images with the center frequency fixed at f+1 not only
showed the out-phase variation result from MW power
shift, but also the in-phase variation result from temper-
ature change, as shown in Fig. 5(g-i).
D. Temperature sensitivity
In order to characterize the sensitivity of the fiber-
based quantum thermometer, we measured the the spec-
tral noise density. By finely setting the MW center fre-
quency until the LIA signal crossed zero thus providing
the largest temperature response, we then continuously
recorded the LIA signal of f0 and f+1 for 10 s with a 1
kHz sampling, and calculated noise spectra of f0 and f+1,
as shown in Fig. 6. Both of such two spectra showed the
same response to the environmental variation. However,
the LIA signal of f+1 and f0 have been proved sensitive
to magnetic field and temperature respectively. Hence, in
the configuration of magnetic field sensing, the spectrum
of f+1 gives a magnetic sensitivity of 49 nT/
√
Hz. For
temperature sensing, LIA signal of f0 had no response
to magnetic noise but achieved a temperature sensitiv-
ity of 18 mK/
√
Hz. For reference, a spectrum obtained
with the MW and laser turned off is depicted in Fig. 6
with the gray plot, which demonstrates a noise floor of
4 mK/
√
Hz limited by the lock-in input noise and the
detected shot noise.
8III. DISCUSSION AND CONCLUSION
Generally, the size of the diamond attached on the fiber
tip not only determines the spatial resolution of temper-
ature imaging, but also the time for the sensor to reach
thermal equilibrium. In the current implementation, the
sensor consists of a 200 × 200 µm2 bulk diamond, op-
tical fiber ceramic plug core with 2.4 mm diameter and
copper wires wrapped around it. These large size makes
the system take about 100 ms to reach thermal equilib-
rium, which seriously reduces the temperature imaging
rate. Using micron-sized particles and miniaturizing the
sensor will indeed solve these problems, but these advan-
tages are usually brought at the expense of sensitivity.
A challenge is thus to increase the density of NV centers
while maintaining good spin coherence properties.
Our fiber-based quantum thermometer used a bulk di-
amond processed by a standard annealing treatments,
which provided a sensitivity of 18 mK/
√
Hz without op-
timized fluorescence excitation and collection. Since the
measurement was performed at room-temperature, the
requirement of low laser power limited the sensitivity en-
hancement. However, by electron irradiation treatment,
the fast electrons can knock carbon atoms out of the
lattice sites producing vacancies and interstitial carbons
[43–45], leading to a high probability for NV center com-
bination and at least 20 times enhancement to the density
of NV centers [23]. On the other hand, recent study with
a matched micro-concave mirror to a sphered optic-fiber
end has achieved over 25 times more fluorescence collec-
tion from NV enriched micrometer-sized diamond [46].
All of these methods can boost temperature sensitivity
toward sub-1 mK /
√
Hz.
In conclusion, we have presented a robust fiber-
based thermometer coupled with NV centers at room-
temperature, allowing a sensitivity of 18 mK/
√
Hz. Such
a method can protect the temperature measurement from
the environmental magnetic noise and MW power shift
with a single lock-in measurement. With the fiber-based
thermometer, we have successfully imaged the surface
temperature distribution of an electronic chip. Thanks
to its simplicity and robustness, such a quantum ther-
mometer paves a significant step towards practical ap-
plications in microscale thermal detection for integrated
chips and biology endoscopes with high precision in am-
biguous environments.
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